Introduction
Immediately after deciphering the first DNA sequences, several attempts were made to describe DNA/protcin sequences by mathematical models. Numerous models were suggested: stationary (Garden, 1980; Almagor, 1983; Blaisdell, 1985; Tavare and Song, 1989; Tavare and Giddings, 1989) and non-stationary (Borodovsky et al., 1986; Tavare and Song, 1989) , Markov models, hidden Markov chains (Churchill, 1989) , mixture transition distribution models (S. Tavare and A.E.Raftery, submitted) , block models (Sprizhitsky etal., 1988; Suboch and Sprizhitsky, 1990 ) and finite automata (Brendel and Busse, 1984) . Despite these substantial efforts the adequate description of DNA/protein seqences is still an open problem. In particular, no existing algorithm can generate a long (up to 10 000 nucleotide) sequence that could pass for a natural one. This is a consequence of the unusual distribution of words in nucleotide texts: while the distribution of (most) words is consistent with Markov models of small orders (Blaisdell, 1985) , the distribution of certain words cannot be described by any model suggested to date. The basic assumption of the approach called the 'linguistics of nucleotide sequences' (Brendel et al., 1986) , or 'biomolecular linguistics' (Gelfand, 1991) , is that those words whose distribution cannot be described by simple models may be functionally significant. A few methods to compile dictionaries of such words have been developed (Brendel et al., 1986; Pevzner et al., 1989a; Pietrokovski et al., 1990; StuckJe et al., 1990) . Predictive statistical models of DNA are an important issue. Inadequate models may lead to misinterpreting non-functional patterns and overlooking the functional ones-e.g. compare the results of Muller and Fitch (1982) with these of Fitch (1983) , and the results of Hasegava et al. (1979) and Fitch (1974) with these of Bulmer (1989) ; an example of the other kind is considered in Suboch and Sprizhitsky (1990) .
Biomolecular linguistics revealed several kinds of anomalies that precluded the simple description of nucleotide sequences by Markov models. These anomalies distinguish DNA texts from randomly generated ones. First, there are anomalies in the distribution of homonucleotide runs (Nussinov, 1980) and their context (Nussinov et al., 1990) , and in the distribution of homopurine/homopyrimidine runs (Sprizhitsky et al., 1988) . It has been speculated that these features are linked to the structure of the DNA, namely to the parameters of the double helix (Nussinov et al., 1990) and to the occurrence of the H-form (Suboch and Sprizhitsky, 1990) . Secondly, there are anomalies in the distribution of complementary palindromes in prokaryotic and phage genomes (Duggleby, 1981; McClelland, 1985; Sharp et al., 1985; Brendel et al., 1986) that are hypothetically the result of the co-evolution of the DNA and the restriction-modification systems. The anomalies in the distribution of the mirror palindromes in eukaryotic mRNA introns (Beckmann et al., 1986) were explained by the necessity to avoid stable RNA secondary structure elements in introns. Thirdly, WW and SS-words (non-stationary words) are unevenly distributed through a genome (Pevzner et al., 1989b; Kozhukhin and Pevzner, 1991) . In this paper we establish a novel feature of genetic texts: anomalies in the distribution of words of poor nucleotide composition (small complexity, Konopka and Owens, 199Oa,b; Trifonov, 1990 These studies were initiated by Harris (1955) , who had shown that diversity of letters increases at morpheme junctions. On the other hand, the algorithm by Sheveleva (1973) uses the boundedness of letters in a moprheme. Finally, in Sukhotin's algorithms (1984) both kinds of phenomena are employed, since in these algorithms a morpheme is characterized by both the 'inner stability' (a part of a morpheme predicts the whole morpheme, e.g. before equen one expects s or r, and after it one expects c or t) and by the 'outer stability' (a morpheme as a whole can be discovered in various contexts). It should be noted that all algorithms also use specific language phenomena that, evidently, have no analogues in genetic text, namely:
• the non-overlapping morphemes;
• each letter belongs to at least one (by the former assumption to exactly one) morpheme.
Thus direct application of these methods to the study of nucleotide or amino acid sequences is not reasonable. In this study we analyzed the influence of tetranucleotides on frequency distributions of neighboring bases. The choice of tetranucleotides was made because we tried to consider the longest possible oligonucleotides without loss of statistical significance due to the limited sample size.
The tetranucleotide abed is called 'right extendable' if base frequencies to the right of abed are significantly different from those to the right of the trinucleotide bed. Analogously, abed is called 'left extendable' if base frequencies to the left of it significantly differ from those to the left of the trinucleotide abc. The terms are suggested by the linguistic analogy, for the extendability corresponds to the absence of the morpheme boundary in linguistic approach.
The nucleotide x is called 'right extending' for the tetranucleotide abed if the frequency of* immediately after abed is larger than that immediately after bed, otherwise x is called 'right interrupting'. Analogously, 'left extending' and 'left interrupting' nucleotide for the tetranucleotide abed are defined by comparing base frequencies immediately before abed and the trinucleotide abc.
There exists a model of nucleotide sequence generation by a Markov chain of order x. If a sequence is generated from the left to the right (from the right to the left), then right (left) extendable are those tetranucleotides that preclude description of the sequence by a Markov chain of order x s 3 (Blaisdell, 1985; Phillips et al., 1987a; Arnold et al., 1988) .
The major result of this study is that the tetranucleotides with poor nucleotide composition are often right and/or left extendable, and that there exist certain patterns describing right and left extending or interrupting nucleotides.
Comment. There exists close analogy between extendable words and 'contrast' words (Brendel et al., 1986 , Trifonov, 1989 , but our approach is somewhat more general. Namely if ABCDE is (strongly) contrast, the ABCD is right extendable, but not vice versa (for the x 2 statistics below takes into account the differences in frequencies of all four nucletoides following ABCD). As well we study not individual contrast words but the groups of words and develop a technique for assessing statistical significance of a group of words (which allows recognition of an anomalous group even if each word in the group is not significantly anomalous).
Material and systems
We considered all large (exceeding 500 000 bases) homogeneous samples of nucleotide sequences from the GenBank release 55.0 together with subsamples of non-coding and protein-coding sequences. We use the following designations: N or X for any nucleotide, R for purines (A and G), Y for pyrimidines (Jand Q, S for strong nucleotides (G and Q, W for weak nucleotides A and T, M for A and C, K for G and T.
Pentanucleotide frequencies were obtained using the GenBank sequence extractor program GBEXPORT written in the C programming language using the TurboC compiler (Borland Intl., 1988) . The ad hoc programs for analysis were written in the C language using the QuickC compiler (Microsoft Corp., 1987) . All programs were run on an IBM-compatible personal computer.
Methods
Denote by F{B) the relative frequency of the oligonucleotide B, and denote by N(B) its absolute frequency. F\B\.x) = N{Bx) IN(B) is the frequency of the base x immediately after B, and F\x\B) = N(xB) IN(B) is the frequency of J: immediately before B. Right extendability of the tetranucleotide abed is characterized by
and left extendability of abed is characterized by
This definition (as distinct from the simple sum of squared differences of frequencies) allows simultaneous consideration of relatively frequent and rare tetranucleotides. Tetranucleotides are listed in decreasing of x? (x?) order and the ranks of tetranucleotide (in this list) belonging to various groups are analyzed.
Comment. It is well known (Guibas and Odlyzko, 1981; Breen et al., 1985; Pevzner et al., 1989a; Stuckle et al., 1990 ) that the statistics of occurrences of a word in the text depends on word overlaps. For example the statistics of occurrence of AAAA differs from the statistics of occurrence of ATTG even in a random Bernoulli text with p(A) = p(T) = p(G) = p{Q = 0.25. To avoid overlapping effects in our considerations we studied the ranks of tetranucleotides in x\ and x? statistics instead of the analysis of the counts of tetranucleotides (see Chatfield, 1973 , for further discussion). The statistical significance of the observed grouping of tetranucleotides with poor nucleotide composition was evaluated using the following model. Let m be the number of oligonucleotides in the set being considered (in our case m = 12 or 16), and let n be a total number of different oligonucleotides (for tetranucleotides n = 256). Denote by /•,,..., r m the ranks of oligonucleotides (in decreasing order) from the distinguished set and consider the mean rank
Obviously mathematical expectation of w equals (n + l)/2. If the observed value of w sharply differs from this value, the distribution of the tetranucleotides in the considered set is significantly non-random. Due to the symmetry it is sufficient to consider the case of grouping of the distinguished set at the top of the list (tetranucleotides have small ranks).
In order to evaluate the probability P^ \w ^ z\, we introduce the value F\s,m,n) defined as the number of partitions of the integer s onto m distinct additive integer terms each not exceeding n (each set of ranks r,, . . ., r m defines a partition of s = mw into m distinct terms). Each partition corresponds to Ferrers diagram (Aigner, 1979) allow evaluaton of the probability (statistical significance) of the observed grouping of oligonucleotides from the distinguished set on the top of the list.
We analyzed which bases contribute to -xfaibcd) and xfabed) by considering remainders of base frequencies after abed and bed (respectively, before abed and abc). 
(x right extends abed) and F(abcd\x) < F(bcd\x) (x right interrupts abed). Rows of the table correspond to the conditions.

F\abcd\y) > F{bcd\y) (y right extends abed) and F(abcd\y) < F\bcd\y) (y right interrupts abed).
In each cell a number of tetranucleotides abed satisfying the stated conditions is given. Analogous tables are constructed for frequencies of bases x and y before tetranucleotides abed. To these tables the standard \ 2 criterion is applied and thus correlation in extending/interrupting was evaluated for a given sample.
Results
Tetranucleotides of the type X 4
Ranks of homotetranucleotides are given in Table II . In nearly all samples the tetranucleotides AAAA and 7777 are extended to the right and to the left by the nucleotides A and T respectively.
Comment. It is worth noting that x?(XXXX) and x^i^XXX) can differ significantly. [Notice that xfcXXXX) 'S determined M.S.Gdfnnd, C.G.Kozhukhin and P.A.Pevzner 
Tetranucleotides of the type (NX)2
In all total and non-coding samples, except the Escherichia coli one, tetranucleotides of the type (AQO2 (where JV * X) are right and left extendable (Table HI, these observations are statistically significant). In most cases the tetranucleotide NXNX is right extended by the nucleotide TV and right interrupted by the nucleotide X, and left extended by the nucleotide X and left interrupted by the nucleotide N. Exceptions from this rule are more numerous in total samples, while in non-coding samples the only exception is that in all mammalian samples CGCG is right extended by G and left extended by C.
Tetranucleotides with poor nucleotide composition
Tetranucleotides with poor nucleotide composition consist by definition of nucleotides of not more than two sorts (e.g. CCCC, ACAC, AACA, CCCA). Sums of ranks of such tetranucleotides belonging to various classes are given in Table IV . The following ranks are small (the results are statistically significant): ranks of words W 4 in eukaryotic samples (in both directions), and ranks of words R4 and A4 (considering \b an d ^4 (considering x?) in mammalian samples. As in other cases this trend is more pronounced in non-coding subsamples, less clear in general samples, and fuzzy or even absent in protein-coding subsamples. In E.coli samples the only statistically significant feature is the relatively slow ranks of tetranucleotides S A in non-coding subsamples (in both directions).
Extending and interrupting nucleotides for these classes of In each cell the number of tetranucleotides extended and interrupted by the corresponding nucleotides and the x 2 wiue for the 2 x 2 table are given. All distributions are significantly not independent on levels < 0.001. characteristic motifs in introns (cf. the result of Konopka, 1990a , concerning the suggestion that eukaryotic DNA is 'cryptically simpler' than bacterial DNA).
Note that most of the observed phenomena are either invariant or turn into one another after turning from the straight strand to the complementary one (the samples consist mostly of transcribed strands). Thus, in particular, left extendability patterns of the W 4 tetranucleotides (small ranks and being interrupted by G and Q correspond to similar right extendability patterns and thus are invariant relative to the strand. On the other hand, in some samples the S 4 tetranucleotides are left extended by C and left interrupted by A, while being right extended by G and right interrupted by T. In the same samples small ranks of ft, and K A tetranucleotides in left extendability lists correspond to small ranks of Y A and M A in right extendability lists. This suggests that the observed phenomena may be related to the DNA structure features that are repressed in the coding regions beause of other constraints existing there. tetranucleotides are given in Table V . In mammalian samples tetranucleotides W 4 are interrupted on both sides by C and G. In some cases tetranucleotides 5 are left interrupted by A and left extended by C, and right interrupted by 7 and right extended by G. In the Drosophila samples such patterns are less clear (but the general trend is the same), while in the E.coli samples they are practically absent.
Correlations between extending and interrupting nucleotides''
In all samples and in both directions there exists a statistically significant correlation of the following type: a tetranucleotide is extended by either A and T, or by G and C. Negative correlations (different behavior of nucleotides from the classes S and W) are usually stronger than positive correlations (similar behavior of bases belonging to a given class). An example is shown in Table VI .
Discussion
The observed features of tetranucleotides A/ 4 can be interpreted as a tendency to an overabundance of long polyN runs (as compared with texts generated by simple random models) (Sprizhitsky et al., 1988) . Konopka et al (1987) observed clustering of tetranucleotides of the type NXNX, but a straightforward study of poly(NX) oligonucleotides was not undertaken. Our results indicate that there might be peculiarities in distribution of oligonucleotides of this type.
In the papers cited above it was shown also that various patterns are usually more pronounced in non-coding samples than in coding ones (Konopka et al., 1987; Sprizhitsky et al., 1988) , and more pronounced in eukaryotic sequences than in prokaryotic ones (Konopka et al., 1987) . Similar effects were revealed in our study; therefore the rank analysis can help one to distinguish coding from non-coding regions and to establish
